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Dynamic Lattice Distortions in Sr2RuO4: A microscopic study by perturbed angular
correlation (TDPAC) spectroscopy
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Applying time differential perturbed angular correlation (TDPAC) spectroscopy and ab initio
calculations, we have investigated possible lattice instabilities in Sr2RuO4 by studying the electric
quadrupole interaction of a 111Cd probe at the Ru site. We find evidence for a dynamic lattice
distortion, revealed from the observations of: (i) a rapidly fluctuating electric-field gradient (EFG)
tensor of which the main component decreases with decreasing temperature, and (ii) a monotonic
increase of the EFG asymmetry (η) below 300 K. We argue that the observed dynamic lattice
distortion is caused by strong spin fluctuations associated with the inherent magnetic instability of
Sr2RuO4.
PACS numbers: 71.27.+a, 74.70.Pq, 76.80.+y, 71.15.Mb
I. INTRODUCTION
Since the discovery of unconventional superconductiv-
ity in the non-cuprate oxide Sr2RuO4, considerable at-
tention has been paid to study its electronic and magnetic
properties in the normal and superconducting states.1,2
This material – with a layered perovskite structure
identical to the prototype high-Tc superconductor (La,
Sr/Ba)2CuO4 – has been identified to exhibit spin triplet
(p-wave) superconductivity below 1 K.1,2 Besides super-
conductivity, Sr2RuO4 exhibits several other unusual fea-
tures in its normal state. For instance, transport studies
have revealed Fermi liquid behavior with an electrical re-
sistivity that shows quadratic temperature dependence
below 25 K.3 Secondly, the material shows a large elec-
tronic specific heat (γ ≈ 37.5 mJ/mol-K2 and a strongly
enhanced Pauli susceptibility (χ0 ≈ 9 × 10−4emu/mol)
reflecting heavy-fermion behavior.3,4 It has been recog-
nized that both structural and magnetic instabilities play
a crucial role for the unconventional superconductivity
in Sr2RuO4.
1,5 Recent theoretical calculations have sug-
gested that Sr2RuO4 is close to a ferromagnetic (FM)
instability6,7 with strong FM spin fluctuations which may
lead to spin triplet p-wave superconductivity.8
As for the structural aspect, while crystal transforma-
tion is common in most cuprate oxides, no long range
structural distortion/transformation has been detected
for Sr2RuO4 down to 100 mK.
9,10,11 However, a lo-
cal (short-ranged) structural instability related to a ro-
tation of the RuO6 octahedra has been detected by
Braden et al., using phonon dispersion information ob-
tained by inelastic neutron scattering.12 To our knowl-
edge, no other experimental study related to structural
instabilities in Sr2RuO4 has been reported. Consider-
ing the many unusual physical properties, including un-
conventional superconductivity, it is desirable to carry
out additional investigations, particularly with help of
microscopic techniques, to examine structural distor-
tions/instabilities in undoped Sr2RuO4. For this pur-
pose, hyperfine methods such as Mo¨ssbauer spectroscopy,
Nuclear Magnetic/Quadrupole Resonance (NMR/NQR)
or Time-Differential Perturbed Angular Correlation (TD-
PAC) are extremely useful. In particular, informa-
tion on structural properties such as lattice transfor-
mation and/or distortion can be extracted by studying
the electric-field gradient (EFG) tensor obtained from
nuclear quadrupole interaction measurements. Perform-
ing such studies with NMR or NQR has been found to
be difficult, due to a.o. low isotopic abundance, small
quadrupole moments, strong spin lattice relaxation and
large line broadening.13,14,15 Similarly, due to the large
line width, Mo¨ssbauer spectroscopy using the native 99Ru
isotope is also not suitable for measuring small lattice
distortions. Such experimental difficulties, however, can
be overcome using the TDPAC method16. With a suit-
able probe nucleus such as 111Cd, the TDPAC technique
can be very effective for detection of static and dynamic
lattice distortions.
In this paper we report our results on a lattice in-
stability in Sr2RuO4 observed from quadrupole interac-
tion measurements at a 111Cd probe nucleus measured
by TDPAC spectroscopy. The experimental results show
evidence of a dynamic lattice distortion below 300 K re-
vealed by: (i) a rapidly fluctuating electric-field gradient
(EFG) tensor and (ii) a temperature dependent change
of the EFG asymmetry parameter η. Taking into account
ab initio calculations based on Density Functional The-
ory (DFT), we argue that the observed dynamic lattice
distortion is caused by strong spin fluctuations associated
with an inherent magnetic instability of Sr2RuO4.
2II. EXPERIMENTAL AND COMPUTATIONAL
DETAILS
A polycrystalline sample of Sr2RuO4 was prepared fol-
lowing a standard procedure. A mixture of stoichoimetric
amounts of high purity SrCO3 and RuO2 was pelletized
and sintered at 1100◦C for 12 h. After regrinding, the
powder was pressed into a pellet and heated in air at
1100◦C for another 18 h followed by furnace cooling. The
sample was characterized by powder X-ray diffraction,
showing a single phase having the K2NiF4-type tetrag-
onal structure with lattice papameters a = 3.868(5) A˚
and c = 12.732(5) A˚ which agree well with the earlier
data.3,9,10,11 The 111Cd probe was introduced into a small
piece of Sr2RuO4 by diffusing carrier free parent
111In
activity at 1050◦C for 24 h followed by rapid cooling to
room temperature. It is important to mention that the
typical concentration of Cd in the sample remains below
1 ppm and thus does not alter the basic physical prop-
erties of the material. The electric quadrupole interac-
tion parameters were extracted from the life time spectra
of the 247 keV, I=5/2 and 84 ns level of the daughter
111Cd nucleus produced by electron capture (EC) decay
of 111In. The time spectra were recorded simultaneously
in a 90◦/180◦ geometry using a set-up consisting of four
BaF2 detectors and a standard slow-fast coincidence cir-
cuit having a time resolution better than 700 ps. Mea-
surements were carried out as a function of temperature
in the range 20-500 K using either a closed cycle helium
refrigerator or a specially designed furnace. The pertur-
bation factor A22G22(t) in the angular correlation func-
tion W (θ, t) =
∑
kk AkkGkk(t)Pk(cosθ) was obtained by
constructing the appropriate ratio function, called the
TDPAC time spectrum16,
R(t) = A22G22(t) =
2[W (180◦, t)−W (90◦, t)]
[W (180◦, t) + 2W (90◦, t)]
whereW (θ, t) are the background-subtracted normalized
coincidence counts of detectors placed at 180◦ and 90◦.
The spectra were fitted to the function16
A22G22(t) =
A22
5
[1 +
3∑
n=1
Sn(η)e
−nt/τN cos(nω0(η)t)]
to extract the interaction frequency ω0 related to the
principal component Vzz of the EFG tensor
16:
ω0 =
6eQVzz
h¯ 4I(2I − 1) (1)
(expression valid for half-integer spin), the asymmetry
η = Vxx− Vyy/Vzz of the EFG tensor, and the relaxation
time τN which is related to the distribution width δ of ω0
by τN = 1/δ. For our data, using a Lorenzian frequency
distribution yielded a better χ2 than a Gaussian spread
in ω0.
TABLE I: Comparison of some structural and electric-field
gradient parameters for I4/mmm Sr2RuO4 with fully op-
timized theoretical lattice constants and internal positions
(left), and the corresponding experimental data (right).
theory experiment
a=b (A˚) 3.8937 3.862 [10]
c (A˚) 12.8935 12.722 [10]
zSr 0.3525 0.3534 [10]
zO(2) 0.1626 0.1613 [10]
dSr−Ru (A˚) 3.3464 3.3069 [10]
dRu−O(2) (A˚) 2.0962 2.0521 [10]
Vzz Sr (10
21 V/m2) -2.42 –
Vzz Ru (10
21 V/m2) -0.99 ±2.05[15]
Vzz O(1) (10
21 V/m2) +7.90 ±8.1 [13]
Vzz O(2) (10
21 V/m2) +7.10 ±6.4 [13]
η O(1) 0.265 0.17 [13]
Complimentary to the TDPAC experiments, we per-
formed a series of ab initio calculations on pure and Cd-
doped Sr2RuO4. The calculations were performed within
Density Functional theory22,23,24, using the Augmented
Plane Waves + local orbitals (APW+lo) method24,25,26
as implemented in the WIEN2k package27 to solve
the scalar-relativistic Kohn-Sham equations. In the
APW+lo method, the wave functions are expanded
in spherical harmonics inside nonoverlapping atomic
spheres of radius RMT, and in plane waves in the re-
maining space of the unit cell (=the interstitial region).
For Sr, Ru and Cd a RMT value of 1.85 a.u. was chosen,
for O we used RMT =1.55 a.u. The maximum ℓ for the
expansion of the wave function in spherical harmonics in-
side the spheres was taken to be ℓmax = 10. The plane
wave expansion of the wave function in the interstitial re-
gion was made up to Kmax = 7.5/R
min
MT = 4.83 a.u.
−1 for
pure Sr2RuO4 and for supercells with 8 formula units,
and up to Kmax = 5.75/R
min
MT = 3.71 a.u.
−1 for super-
cells with 16 formula units (this reduced accuracy has
an effect on e.g. the electric-field gradient of less than
10%). The charge density was Fourier expanded up to
Gmax = 16
√
Ry. For the sampling of the Brillouin zone,
a special k-mesh equivalent to 8×8×8 mesh in the pure
Sr2RuO4 structure was used throughout. As exchange-
correlation functional, the Perdew-Burke-Ernzerhof Gen-
eralized Gradient Approximation (GGA) was used.28 As
Table I shows, this type of calculations is able to re-
produce correctly some experimentally known structural
and EFG properties of pure Sr2RuO4. The structural
information is also in agreement with previous ab ini-
tio calculations,29 while for the EFG’s our GGA results
show much better agreement with respect to experiment
than reported values obtained using the Local Density
Approximation.30
3FIG. 1: Typical TDPAC spectra for 111Cd in Sr2RuO4 at
different temperatures.
III. RESULTS AND DISCUSSION
Figure 1 shows some typical TDPAC spectra of 111Cd
in Sr2RuO4 at different temperatures. All spectra show
a single quadrupole interaction frequency with nearly the
full anisotropy (A22 ≈ 0.13), indicating that the 111Cd
probe atoms occupy a unique lattice site. From a com-
parison of the chemical behaviour and ionic size of the
mother isotope 111In and the atomic species of the sam-
ple under investigation, the Cd probe atoms are likely to
occupy a substitutional Ru site in Sr2RuO4. This assign-
ment of lattice site is supported by earlier TDPAC results
in related materials, e.g. SrRuO3 and CaRuO3
17 where
Cd has been reported to appear at the Ru site, and is
corroborated by the EFG-values found from our ab initio
calculations (see Tab. III and the corresponding discus-
sion). The spectra recorded above 300 K could be simu-
lated with a single randomly oriented, axially symmetric
(η=0) electric-field gradient (EFG). From Eq. 1 and us-
ing the experimental quadrupole moment Q = 0.83 b18,
the principal component of the EFG at room temper-
FIG. 2: Temperature dependence of the quadrupole interac-
tion frequency (ω0), electric field gradient asymmetry param-
eter (η), and the nuclear relaxation time (τN ) measured for
111Cd in Sr2RuO4. The solid line in (b) is a guide to the eye
whereas in (a) and (c) they correspond to least square fits to
equations discussed in the text.
ature was determined to be Vzz = 5.2(1) × 1021V/m2.
Below 300 K the TDPAC spectra show a noticeable de-
viation from the axially symmetric quadrupole interac-
tion patterns observed at higher temperatures (Fig. 1).
They could be fitted with a randomly oriented, asym-
metric EFG yielding ω0 = 82.7(11) Mrad/s and asym-
metry parameter η=0.30(3) at 20 K. In addition, the ob-
served R(t) spectra show temperature dependent damp-
ing, most pronounced at low temperatures (see Fig. 1).
Fig. 2 displays the variation of ω0, η and the relaxation
time τN = 1/δ(ω0) as a function of temperature (see also
Table II). The relaxation time τN measures the spread
in interaction frequencies, and therefore is an indication
of the number of different environments felt by the probe
nucleus.
The TDPAC results obtained for 111Cd in Sr2RuO4
(Fig. 2 and Table II) reveal several interesting fea-
tures. First of all, the quadrupole interaction frequency
ω0 increases from 82.7(11) Mrad/s at 20 K to almost
100 Mrad/s at 500 K. This variation of ω0 as a function
of temperature could be parameterized using the relation
ω0(T ) = ω0(0)(1 +AT
α)
4TABLE II: Summary of quadrupole interaction parameters
for 111Cd in Sr2RuO4.
Temperature ω0 Vzz η τN
(K) (Mrad/s) (1021V/m2) (ns)
20 82.7(9) 4.56(10) 0.30(5) 70(20)
52 85.5(8) 4.71(10) 0.27(5) 81(20)
87 87.7(7) 4.84(10) 0.25(5) 95(20)
119 90.0(5) 4.97(10) 0.22(5) 115(20)
230 94.0(3) 5.03(10) 0.15(5) 170(25)
296 95.2(3) 5.20(10) 0.08(5) 220(35)
350 96.7(2) 5.11(10) 0.0 310(40)
400 98.2(2) 5.19(10) 0.0 380(50)
500 99.5(2) 5.26(10) 0.0 480(60)
with ω0(T = 0) = 77.8(14) Mrad/s (or Vzz(T = 0) =
4.2 × 1021 V/m2), A = 0.016(5) and α = 0.47(6).
Considering that Sr2RuO4 is a metallic system
1,2, the
quadrupole interaction frequency is expected to decrease
with increasing temperature, following a T3/2 law due
to lattice vibrations.19,20 Instead, the ω0 measured for
111Cd in Sr2RuO4 increases with temperature and ap-
proximately shows a
√
T dependence.
Secondly, while the EFG is observed to be axially sym-
metric above 300 K (η = 0), it shows a significant amount
of asymmetry at low temperatures with η(T ) monotoni-
cally increasing up to ≈0.3 at 20 K. These observed η(T )
data provide a direct proof that i) the local site symme-
try of the Cd probe atom is not cubic as expected for
the Ru site in this lattice structure, and ii) continuously
changes below 300 K.
Thirdly, the relaxation time τN extracted from the
damping of the R(t) spectra strongly varies with tem-
perature (Fig. 1 and Fig. 2c). Such a spread in interac-
tion frequencies can be due either to a time dependent
fluctuation of the EFG and/or to a static distribution
of EFG values due to a spread in possible environments
of the Cd probe. Although it is difficult to rule out the
latter, in view of the facts that the interaction frequen-
cies show a Lorentz distribution and the relaxation time
is strongly temperature dependent (which would be hard
to imagine for a static distribution), we conclude that the
observed damping is caused by a dynamic fluctuation of
the EFG at the Cd site. A large τN at high temperatures
means that all probe nuclei feel quite similar environ-
ments: the EFG fluctuations are fast enough to nearly
average out over the life time of probe. At low tempera-
ture, the spread in interaction frequencies appears to be
much larger: slower EFG fluctuations cause that every
probe nucleus becomes sensitive to the details of the lo-
cal fluctuation history. The temperature variation of τN ,
summarized in Table II, could be fitted by the relation
τN (T ) = τN (0)(1 +BT
β)
with τN (0) = 71 ns and β = 1.85, revealing a nearly
quadratic dependence.
How can we explain these three experimental obser-
vations? A straightforward suggestion to explain a fluc-
tuating EFG with non-zero η would be to assume mi-
gration of Cd to other sites of lower symmetry and/or
hopping/diffusion of oxygen from the CdO6 octahedron.
The former, however, is unlikely because in Sr2RuO4 the
only substitutional site without axial symmetry is O(1)
and it is highly improbable that Cd will replace an O-
atom when chemically similar atoms as Sr and Ru are
present. For the same reason, the occupation of an in-
terstitial site is unlikely. Furthermore, in the case of
site migration (diffusive/hopping motion) it is generally
observed that the τN (T) shows an activation type (Ar-
rhenius) behaviour21 in contrast to the power law de-
pendence observed in the present case. Another way to
explain the appearance of a non-zero η would be to in-
voke a long-range (e.g. Jahn-Teller like) lattice distor-
tion. This possibility is excluded, however, by structural
studies using high-resolution X-ray as well as neutron
diffraction techniques.9,10,11 Both have failed to detect
any lattice transformation or distortion in Sr2RuO4 down
to 100 mK. As a result, only short ranged lattice distor-
tions are allowed. In order to account for the fluctuations
we have observed from the EFG, these distortions must
also be dynamic. Our TDPAC results thus provide clear
signatures of a dynamic lattice distortion in Sr2RuO4 be-
low 300 K. The dynamic lattice distortion observed from
our TDPAC measurements are consistent with the struc-
tural instability reported from phonon dispersion results
observed by inelastic neutron scattering,12 although there
are subtle differences with respect to the temperature de-
pendence. For instance, we observe that above 300 K
these symmetry-breaking lattice distortions are varying
fast enough to be averaged out over the time-window of
our experiment (100-200 ns).
What could be the physical origin of the dynamic lat-
tice distortions in Sr2RuO4, observed through our TD-
PAC experiments? It is now well established that the
highly correlated material Sr2RuO4 lies close to a mag-
netic instability.7,8 Recently, Fang and Terakura7 showed
by first principle calculations based on the local spin
density approximation (LDA) that the type of magnetic
structure of Sr2RuO4 strongly influences its lattice struc-
ture. More precisely, the magnetic order influences the
details of the RO6 octahedrons (their tilt (θ), their rota-
tion (φ) and their flatness λ, the latter defined as the ratio
of the Ru-O bond length along the c-direction and along
the a- or b-direction (λ = dc/dab)). For the experimen-
tally observed stable structure of Sr2RuO4 the ground
state was found to be ferromagnetic, but non-magnetic
and antiferromagnetic solutions with very small differ-
ences in total energy were found as well. Their calcu-
lated results revealed that Sr2RuO4 can be easily driven
into different magnetic states by a small distortion of the
lattice, especially by modifying the RuO6 octahedron.
We apply this argument in the opposite way: if – for
instance as a result of spin fluctuations – the local mag-
netic structure of Sr2RuO4 will change continuously, it
5will be accompanied by a local and continuously varying
distortion. This gives rise both to the fluctuating EFG
and the deviation from cubic symmetry. As these dy-
namic distortions are mediated by magnetic effects (spin
fluctuations), they differ from the usual lattice dynam-
ics. As a consequence, it is not surprising that we observe
an anomalous temperature dependence of the EFG. At
the lowest studied temperatures, the spin fluctuations
are slow enough to provide every Cd probe with differ-
ent sequence of fluctuations during its life time, lead-
ing to a large spread in observed interaction frequencies.
Near room temperature, the spin fluctuations (and there-
fore the dynamic lattice distortions as well) are so fast
that they average out over the relevant time window, and
an averaged, axially symmetric environment is detected.
Such short-ranged and time dependent lattice distortions
can not be detected through X-ray or neutron diffraction
experiments, which measure the long range correlation of
atomic arrangements in solids, averaged over large time
intervals and therefore insensitive to dynamic changes
over short length scales. On the other hand, as demon-
strated here, the affects of short range dynamic lattice
modifications can manifest themselves in experiments by
microscopic techniques such as TDPAC.
Further support for our interpretation of short-ranged
dynamic lattice changes triggered by spin fluctuations
comes from a series of ab initio calculations. We calcu-
lated the main component Vzz of the electric field gradi-
ent tensor for Cd in Sr2RuO4, using a super cell to mimic
the condition of an isolated impurity. The presence of
a Cd impurity influences the positions of its neighbor-
ing Sr, Ru and O atoms, and we allowed the first three
shells of Cd-neighbours (twice O and once Ru) to move
to their new equilibrium positions. More distant neigh-
bours hardly moved. Tests with different sizes of super-
cells showed that it was necessary to take a cell with 1 Cd
atom per 16 formula units of Sr2RuO4 (2
√
2 × 2
√
2 × 1
supercell, containing 112 atoms). In such a supercell,
the Cd atoms occupy a tetragonal (but nearly cubic)
sublattice with Cd-Cd separations of 11.0 A˚ and 12.9 A˚
which is reassuringly large so that impurity-impurity in-
teractions can be neglected31. The results obtained from
these calculations, both for the unrelaxed (all atoms at
ideal I4/mmm lattice sites) and the relaxed conditions
are summarized in Table III. It must be mentioned that
the lattice relaxations used in our calculations are only
approximate as it was performed in a supercell with 1
Cd atom per 8 formula units, and the distances were car-
ried over to the larger supercell. Calculating relaxations
directly in the largest supercell was computationally too
expensive.
If no spin-polarization no r lattice relaxation is allowed,
the main component of the EFG tensor at a Cd impurity
substituting Ru is calculated to be Vzz = 2.2 10
21 V/m2
(Tab. III). Including lattice relaxation, the EFG de-
creases to Vzz = 1.1 10
21 V/m2. Both these values are
smaller compared to the range of experimental values ob-
served in the temperature interval 20–500 K. The EFG
TABLE III: Vzz (10
21 V/m2) for a Cd impurity at the Ru-
position in unrelaxed and relaxed supercells with 16 formula
units of Sr2RuO4 per Cd, for non-magnetic and antiferromag-
netic calculations. The range of experimental values cover the
interval 0 K – 500 K (see Fig 2).
non-magnetic AF FM
Vzz / η Cd (unrelaxed) 2.2/0.00 1.9/0.09 1.5/0.00
Vzz / η Cd (relaxed) 1.1/0.00 4.2/0.01 4.5/0.00
Vzz / η Cd (exp) 4.3 – 5.5 / 0.0 – 0.3
tensor is in both cases axially symmetric (η = 0), due to
the point group symmetry at the Ru site. For the spin-
polarized calculations, we tried two different spin con-
figurations: antiferromagnetic (AF) and ferromagnetic
(FM). Without lattice relaxations, the value of Vzz gets
somewhat smaller compared to the non-magnetic case.
It becomes considerably larger, however, if lattice relax-
ations are allowed: the magnetism does not affect the
EFG directly, but it affects the lattice relaxation, which
in turn affects the EFG. Most importantly, the order of
magnitude (4.2-4.5) of Vzz is now perfectly comparable
to the experimental observation (4.2 when extrapolated
to 0 K). This corroborates our assumption that Cd in-
deed substitutes a Ru atom. If the applied spin con-
figuration lacks axial symmetry (as is the case for our
AF configuration, and as will be the case for any ‘ran-
dom’ spin configuration that is the momentaneous result
of fluctuating spins), the calculations show a non-zero
η does indeed appear. The calculated values of 0.09 and
0.01 are smaller than the observed maximum of 0.30, but
these values are for one particular AF configuration only.
Taken all together, these ab initio calculations demon-
strate that different spin configuration (as they appear
during the spin fluctuation process) do indeed influence
the EFG tensor at the Cd site, and lead to better nu-
merical agreement between the calculated and measured
EFG tensor.
In summary, by studying the quadrupole interaction
of 111Cd using the TDPAC technique and ab initio cal-
culations, we have found evidence for a dynamic lattice
distortion in Sr2RuO4 reflected by a rapidly fluctuating
electric field gradient (EFG) and a temperature depen-
dent change of its asymmetry parameter (η). The results
presented in this work might contribute to understanding
the mechanism of superconductivity in Sr2RuO4.
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